Differential cross sections for the reaction γp → K * 0 + are presented in the photon energy range of 1.7 to 3.0 GeV. The K * 0 was detected by its decay products, K + π − , in the Continuous Electron Beam Accelerator Facility's large acceptance spectrometer (CLAS) detector at the Thomas Jefferson National Accelerator Facility. These data are the first K * 0 photoproduction cross sections ever published over a broad range of angles. Comparison with a theoretical model based on the vector and tensor K * -quark couplings shows good agreement with the data, except at forward angles, suggesting that the role of scalar κ meson exchange should be investigated. The photoproduction of the vector meson K * has some advantages over its nonstrange partners, the ρ and ω, in probing the dynamics usually included in theoretical calculations. Because the K * has nonzero strangeness, pomeron exchange is not possible. In comparison, t-channel pomeron exchange dominates the total cross section for ρ, ω, and φ photoproduction at high energy. Near threshold energies, scalar meson exchange in the t channel contributes strongly to ρ and ω photoproduction, but the equivalent diagram for K * photoproduction, via scalar κ exchange, has not been established. The κ(800) was omitted 1 from the Particle Data Group [1] primary tables because the existence of this state is controversial. Instead, K * photoproduction models use t-channel kaon exchange, constrained by KN scattering and kaon photoproduction data. Since this is the dominant term at forward angles, the t-channel parameters in theoretical models are already known. However, the lack of K * photoproduction data in the past has prevented further theoretical development. In particular, the need for possible κ exchange is uncertain.
We present here the first data for K * 0 + photoproduction from the proton over a wide angular range for photon energies near threshold (E γ = 1.7-3.0 GeV). Because of the short lifetime of K * 0 → K + π − , a detector with large acceptance is needed to capture the decay particles. Here, we use the Continuous Electron Beam Accelerator Facility's large acceptance spectrometer (CLAS) detector at the Thomas Jefferson National Accelerator Facility (Jefferson Lab) [2] , with which multiple particles can be detected with reasonable efficiency.
In addition to investigating the t channel, as described above, our data will be compared with predictions of a theoretical model to extract information on the vector and tensor coupling strength of the K * 0 to quarks in s-channel nucleon resonances. Nucleon resonances are predicted to have significant branching ratios to kaons and, if the mass is high enough, to K * channels [3] . The overlap between the quark wave functions, as predicted in theoretical models, and the branching ratio for nucleon resonances decaying to K * Y , can be calculated using an effective theory as described below.
Comparison of K * production data with these calculations provides feedback for models of nucleon resonances.
In the theoretical description of γ N → K * Y reactions, where Y denotes a hyperon, a simplification occurs for neutral K * 0 production, where K * 0 exchange in the t channel is strongly suppressed [4] (it requires a higher multipolarity than that required by the dominant M1 transition). Also, there is no seagull diagram, since this term is directly proportional to the charge of the vector meson. Hence, there are some theoretical simplifications to be made when studying K * 0 photoproduction that are not used in the study of K * + production.
Calculations are available based on a quark model description of the meson-hyperon vertex in the s and u channels [4] . In this model, there are only two free parameters corresponding to the vector and tensor couplings, which are common to all and nonstrange vector meson production can be developed. In Ref. [4] , the cross sections for K * production were predicted based on SU(3) symmetry and quark coupling parameters extracted from ω photoproduction data. The current data will be compared with the predictions of this theoretical model.
In contrast to the theoretical advantages of K * 0 photoproduction, there are some experimental challenges to be met. The cross sections are small, partly because the larger mass of the K * suppresses production compared to that of lighter mesons. Also, the multiparticle final state requires large acceptance detectors rather than traditional magnetic spectrometers with small solid angle acceptances. Perhaps for this reason, there is only one experiment reported in the literature for K * photoproduction [5] , using 20-70 GeV photons (well above threshold). More troublesome is the physics background from the production of Y * hyperon resonances which decay to Y π final states; these reactions have overlapping kinematics with K * production and must be subtracted in the analysis. An example of two diagrams having the same final state is shown in Fig. 1 .
As discussed below, a Dalitz plot of the invariant mass of the Kπ system versus that of the Y π system (not shown) has horizontal and vertical bands for K * and Y * resonances, respectively. The bands will cross where the kinematics overlap, at which point these reactions are indistinguishable. As described below, care must be taken to extract the K * 0 cross sections independently from the Y * background. From a broader perspective, data for (γ, K) and (γ, K * ) reactions together provide clear information about the production of an ss pair from the vacuum [4] . For example, measurements of polarization transfer in the ep → e K + reaction [6] have shown that the ss are produced with spins primarily antialigned. In contrast, similar measurements with the spin-1 K * are expected to produce the ss pair with spins aligned. A coherent description of both reactions will likely be needed to perform a full coupled-channel analysis, since K * exchange contributes to t-channel diagrams in kaon production, and kaon exchange contributes to t-channel diagrams in K * production [7] . The experiment was carried out in Hall B of the Jefferson Lab, using the CLAS detector [2] . An electron beam of energy 3.115 GeV was incident on a gold foil, creating a bremsstrahlung photon beam. Each photon was tagged by measuring the energy of the electron in a tagging spectrometer [8] , with an upper range at 95% of the incident electron energy. The photons then passed through a collimator before reaching an 18.0 cm long liquid-hydrogen target in the center of CLAS. The target was surrounded by a segmented scintillator, called the start counter [9] .
The momentum of charged particles was determined from tracks in the drift chambers [10] located outside of the start counter. CLAS has a toroidal magnetic field [2] , which was set at 50% of the maximum and oriented so that negatively charged particles would bend inward toward the beamline. The outer layer of the drift chambers surrounds the region of strongest magnetic field. The time-of-flight (TOF) of particles was measured between the stop time from scintillators outside the drift chambers [11] and the start counter time. A combination of the momentum (from the drift chambers) and the TOF (from the scintillators) was used to calculate the mass of each particle. A coincidence between the tagger, the start counter, and a TOF scintillator provided the event trigger.
We used the β method for particle identification, where the measured velocity (from the TOF) was subtracted from the velocity calculated from the momentum for a given mass, and values of |β TOF − β calc | < 0.1 were accepted. The particle vertex time is calculated from the TOF for a given mass (of the kaon or pion) along with the momentum measured by the drift chambers. The particle vertex time is required to be within 1.0 ns of the photon time, measured by the tagger and extrapolated to the vertex. In addition, our analysis required both a positive kaon and a negative pion to be identified in coincidence, which suppressed accidental coincidences considerably. The same analysis steps were used for both data and Monte Carlo simulations, so particle misidentification due to kaon decays could be accounted for.
The measurement of the photon flux has been described previously [12] . Briefly, the main idea is to first count the number of "good" electrons in the tagging spectrometer, given by a timing coincidence of scintillators at the tagger focal plane, and compare this with the number of counts in a total absorption counter (four blocks of lead glass) placed directly in the photon beam during low-intensity calibration measurements. Recoiling electrons both in and out of a coincidence window were monitored and used to calculate the rate of photons produced at the tagger. The tagger was upstream of the target, so this rate was corrected for loss of photons in the beamline between the tagger and the physics target. The rate of photons striking the target was scaled by the experimental live time.
Monte Carlo simulations of the detector were carried out using the software package GEANT [13] , input with the detector configuration of CLAS. Detector acceptance factors obtained from simulations have been shown previously to reproduce the world data on known reactions [14] . Two event generators were used. One has a uniform distribution in two-body phase space for K * 0 + production, and the other has angular distributions calculated from the model of Zhao [4] for our reaction. The detector acceptances obtained using these event generators were then used to calculate the cross sections, and systematic uncertainties in the acceptance factor were estimated by comparing the two results. The average acceptance for K * 0 detection in CLAS was about 3% and ranged from 1-6% depending on the photon beam energy and the K * 0 angle. Details are given in Ref. [15] .
Events were scanned for K + and π − candidates, based on the particle identification method described in the previous section. Both particles were extrapolated in time to the target 042201-3 vertex and were required to be within 1.0 ns of the photon time. The time resolution of the TOF system, σ t , is about 100-300 ps, depending on the location in the CLAS detector. A time cut of ±3σ t was used for each particle. The time resolution in the Monte Carlo simulation is well matched with that seen by our experiment, so the loss of particles (for example, due to K + decay) outside of the timing cuts is folded into the detector acceptance calculation.
After identifying a valid K + and π − , we calculated the missing mass for the γp → K + π − X reaction, MM(K + π − ), as shown by Fig. 2(a) . The + peak dominates the spectrum, at a mass of 1.189 GeV/c 2 , riding on a smooth background. Next, the invariant mass of the system, M(K + π − ) was calculated. After requiring events in the + region, 1.175 < MM(K + π − ) < 1.205 GeV/c 2 , the invariant mass spectrum was found, as shown in Fig. 2(b) . The K * 0 peak is visible at a mass of 0.896 GeV/c 2 , which has an intrinsic width of about 0.05 GeV/c 2 . The K * 0 peak sits on top of a background due to competing processes, such as Y * production (see Fig. 1 ). The non-Y * background can be removed by the sideband subtraction method. Events in regions of MM(K + π − ) on either side of the + region, inside the vertical lines in Fig. 2(a) , are plotted by the dashed and dotted lines in Fig. 2(b) .
Background from (1385), (1405), and (1520) resonances were calculated by simulations with angular distributions described by an exponential t slope [16] , which are then projected onto the M(K + π − ) mass. The strength of each Y * resonance is treated as a free parameter in the fits to each kinematic bin (see below). Interference between Y * resonances and K * 0 production was studied and found to be small [15] , keeping the cross sections within the systematic uncertainties.
The data were processed in six angular bins for each of nine photon energy bins. The variable for the angular bins was cos θ K * (where θ K * is the angle of the K * 0 in the center-of-mass system). Fewer counts were found at backward angles, and so the bin sizes were made larger for cos θ K * < 0. Note that our angular coverage stops at cos θ K * = 0.9. Beyond this point, the detector acceptance falls off sharply. The photon energy bins span the range from 1.71 to 2.96 GeV. The photon energy bins are not equally spaced in order to avoid regions where tagger counters were not working properly.
Yields in each bin were extracted by fitting the K * 0 peak, which rides on a nonlinear background. The background due to sidebands of the + peak were subtracted in each bin. Fig. 2 for a single kinematic bin. The strengths of the Y * resonances were constrained by simultaneous fits to the missing mass spectra of the kaon, MM(K + ), for each bin. The shape of the K * 0 peak was fixed to the shape from the GEANT simulations, which used a BreitWigner parametrization for the known K * 0 resonance mass and width. The reduced χ 2 of the fits was typically between 1.0 and 2.5. When the fit is restricted to the regions surrounding the K * 0 peak and low-lying Y * resonances, then values of χ 2 near unity are obtained. This suggests that higher mass resonances, like the (1660), could improve the overall simulation of the data. However, the fits indicate that the addition of more Y * resonances will not change the cross sections outside of the systematic uncertainty range given below.
As a measure of the systematic uncertainty of the fitting procedure, we varied several event selection parameters and refit the K * 0 peak. For example, we varied the width of the mass cut on the + peak, and the corresponding sideband regions. Also, we tried the fits with and without the (1405) resonance, which has nearly overlapping kinematics with the (1385) resonance. After comparing the fits for variations in the analysis procedures, we determined that the uncertainty in the K * 0 yield is ±18%. The cross section in each kinematic bin depends on the detector acceptance. The CLAS detector has been modeled using the software package GEANT, as described above, using two different event generators. Because of the large bins in angle, which were necessary because of the limited statistics in the K * 0 peaks, there was not much difference between acceptances calculated using each event generator. Hence, we chose the flat phase-space model for the detector acceptance corrections rather than the one based on Ref. [4] .
The systematic uncertainty in the yield extraction, as described above, was 18%. Other systematic uncertainties were calculated from varying the cuts used for particle identification (8%), varying the allowed fiducial region for the particles detected in CLAS (8%), the dependence on the Monte Carlo event generator (4%), and the luminosity normalization (7%). Added in quadrature, the total systematic uncertainty for our measurement is ±23%.
The differential cross sections are presented in Fig. 3 for nine photon energy bins. Also shown are curves calculated from the model of Zhao [4] using the parameters a = −1.6 and b = 0.4 for the vector and tensor K * -quark couplings, respectively. These parameters are different than those given in Ref. [4] , a = −2.8 and b = −5.9, which were extrapolated from ω production data using SU(3) symmetry. The current values, which were fitted to the K * 0 data, are significantly smaller than those predicted in Ref. [4] ; however, it is worth noting that some corrections were made to the computer code used in Ref. [4] , so the parameters a and b used in that reference should be reexamined. The first photon energy bin was not fit because of numerical instability of the calculation close to threshold.
Near threshold, the data have a fairly flat angular distribution. As the energy increases, the forward and backward angles dominate, showing substantial t-channel and u-channel contributions. The u channel is implicitly included in the K * -quark couplings (parameters a and b above) which also control the s-channel amplitudes. The t-channel coupling in the Zhao model is, in principle, completely determined by a single diagram with K 0 exchange, where the KN vertex coupling is taken from KN scattering, and the γ K + K * electromagnetic coupling is fixed from K * radiative decay. In other words, there should be no free parameters in the t channel for this model. However, to obtain better agreement with the data at forward angles, the t-channel amplitude was multiplied by a factor of 0.8. This factor is perhaps justified because there may be other t-channel diagrams that can contribute, such as scalar κ exchange, that are not included in the Zhao model.
The energy dependence of the cross sections is presented in Fig. 4 for the six angle bins shown. The solid curves use the same parameters (a and b) as given above. The good agreement between theory and experiment suggests that the K * -quark dynamics used in the Zhao model are reasonable. The only serious discrepancy is for the most forward angle bin, where the global fit underpredicts the cross section at lower photon energies. Clearly, the energy dependence of the t-channel strength within the context of the Zhao model is not correct to reproduce the forward angle strength. Note that if the Zhao model is fitted to this single angular bin, a reasonable fit can be obtained but at the expense of destroying the good agreement with the data at larger angles.
In conclusion, we have reported that using the CLAS detector, the first near-threshold measurement of K * 0 photoproduction cross sections has been made. The results reported here show that the angular distributions are forward peaked, as expected from t-channel diagrams with kaon exchange, and increase slowly at backward angles, showing the effect of s-and u-channel resonances that couple to K * 0 + . As a function of energy, the cross sections exhibit a maximum just above threshold and then a smooth decrease.
The data are in good agreement with the Zhao model, which uses a K * -quark coupling with only two constant parameters, except at the most forward angle bin. The forward angles are dominated by the t channel, where K 0 exchange is expected to have the largest amplitude. By tuning the model parameters, in a global fit to the data, the calculations reproduce the general trend of the data at larger angles. The other aspects of this model are constrained by previous data or predicted from resonance properties from quark models. The lack of agreement for the energy dependence of the t channel could indicate that other diagrams, such as scalar κ exchange, need to be investigated. Improvements in the statistics will enable smaller kinematic bins, which in turn will further constrain comparison with theoretical models. In addition, photoproduction of K * + will provide new information, and simultaneous comparisons of theoretical models to both K * + and K * 0 reactions, which have different t-channel dependences, will shed light on the role of scalar κ exchange [18] . Because of parity and angular momentum conservation, the κ cannot contribute to conventional kaon photoproduction, so studying data on K * Y reactions is perhaps the best way to investigate the possibility of κ exchange. Preliminary data on K * + are already available [19] , and larger data sets from CLAS are being analyzed [20, 21] .
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